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Abstract

Management of overabundant rodents at a landscape scale is complex but often required to sustainably reduce
rodent abundance below damage thresholds. Current conventional techniques such as poisoning are not species
specific, with some approaches becoming increasingly unacceptable to the general public. Fertility control, first
proposed for vertebrate pest management over 5 decades ago, has gained public acceptance because it is perceived
as a potentially more species-specific and humane approach compared with many lethal methods. An ideal fertility
control agent needs to induce infertility across one or more breeding seasons, be easily delivered to an appro-
priate proportion of the population, be species specific with minimal side-effects (behavioral or social structure
changes), and be environmentally benign and cost effective. To date, effective fertility control of rodents has not
been demonstrated at landscape scales and very few products have achieved registration. Reproductive targets for
fertility control include disrupting the hormonal feedback associated with the hypothalamic-pituitary-gonadal axis,
gonad function, fertilization, and/or early implantation. We review progress on the oral delivery of various agents
for which laboratory studies have demonstrated efficacy in females and/or males and synthesize progress with
the development and/or use of synthetic steroids, plant extracts, ovarian specific peptides, and immunocontracep-
tive vaccines. There are promising results for field application of synthetic steroids (levonorgestrel, quinestrol),
chemosterilants (4-vinylcyclohexene diepoxide), and some plant extracts (triptolide). For most fertility control
agents, more research is essential to enable their efficient and cost-effective delivery such that rodent impacts at a
population level are mitigated and food security is improved.
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(Jacob et al. 2008; Swanepoel ef al. 2017). Rodents in
both developed and developing countries are common
and engender major impacts at the economic and socio-
political level in urban and rural habitats, the latter espe-
cially during population outbreaks (Singleton et al. 2005,
2010a,b; Jacob & Tkadlec 2010; Sudarmaji et al. 2010;
Ngiem et al. 2013). Furthermore, in tropical climates, in-
creased intensity of agricultural production will be neces-
sary to meet the increased food requirements of increas-
ing human populations. This could require planting more
crops per year and will lead to an increase in the dura-
tion of breeding of pest rodent species (see review, Sin-
gleton et al. 2021). The basis for the occurrence of such
outbreaks is the high reproductive potential of small ro-
dents that allows them to produce many large litters in a
short time (Andreassen et al. 2020). In the future, other
factors such as increasing frequency of extreme weather
events and projected climate change worldwide will likely
increase the frequency of pest rodent outbreaks (Single-
ton et al. 2010a; Imholt et al. 2015) as well as the im-
pacts of invasive weeds, insects, and animals in general
(Zhang 2001; Singleton et al. 2007, 2010a) and challenge
our ability to effectively manage them.

Management of exotic or native invasive mammals at
a landscape scale is complex and requires a good under-
standing of the biology and ecology of the pest species
(Singleton et al. 2007, 2010a). Large-scale management
of outbreaks of rodents can result in environmental prob-
lems and non-target risk due to the usually non-specific
lethal methods used for control. Current conventional
techniques involving lethal control often require repeated
effort and application. Most of these methods (trapping,
poisoning) are becoming increasingly unacceptable to the
general public, particularly in urban and peri-urban en-
vironments, and their use may also be questionable with
respect to “clean and green” food production, food con-
tamination, and potential effects on human health. This
is not suggesting that lethal control is ineffective nor that
it should not be used as part of a pest management ap-
proach, just as not all non-lethal methods (e.g. transloca-
tion) are effective or more humane. Therefore, the major
requirement for each pest species is to develop and adopt
an efficient and practical management strategy—a com-
bination of both lethal and non-lethal management tech-
niques is likely to be the most cost effective (Pepin et al.
2017; Croft et al. 2020, 2021).

In this review, we focus on developments in fertility
control approaches which could be used as non-lethal ap-
plications and included as part of an integrated manage-
ment approach for rodent pest species. We provide a brief
background on the rationale for the use of fertility con-

trol for vertebrate pest management and its relevance for
highly fecund short-lived rodents. We also outline the ap-
proaches considered to date before focusing on recent
progress in 2 areas: orally delivered anti-fertility agents
and options for large scale bait delivery. We synthesize
these aspects to define research gaps and work needed to
suggest how fertility control of rodents could be utilized
in the future.

WHY FERTILITY CONTROL FOR
RODENT PEST MANAGEMENT?

Fertility control was proposed as another potential tool
for pest management about 5 decades ago (Knipling
1959; Davis 1961), specifically the use of sterile males
in insect control and chemosterilants. Indeed Knipling
(1972), using computer modeling, compared the use of
rodenticides and that of an irreversible chemosterilant
deemed effective in male and female rats, and showed that
a chemosterilant was theoretically at an advantage. Since
then, a range of fertility control approaches have been un-
der development and the overall concept has gained pub-
lic acceptance because it has been perceived as a more
species-specific and humane approach (Oogjes 1997).
Fertility control has been considered as a potential man-
agement tool in species with high fecundity (Caughley
et al. 1992; Shi et al. 2002), high natural adult mortal-
ity rates, and rapid turnover (Bomford 1990; Barlow et al.
1997).

Ideally, a fertility control agent should either induce
permanent sterility or induce infertility at least for part
of the breeding season(s) leading to reduced recruitment
in the pest population. The timing of application, before
or during a breeding season will depend on the means of
delivery and the rapidity of effect of the agent used. It also
must be easily delivered to reach an appropriate propor-
tion of the target population, be species specific with min-
imal side-effects (behavioral or social structure changes),
and be environmentally benign and cost effective (Cham-
bers et al. 1997). Social structure, including the mating
system (monogamy, polygamy) of a pest species, is pre-
dicted to also affect the efficacy of a fertility control agent
(Zhang 2000).

Bomford (1990) in her review of the rationale for
fertility control for wildlife management concluded that
methods requiring individual capture (e.g. surgical ster-
ilization, insertion of hormonal implants) would not be
practical for the control of all overabundant species. Such
methods could be practical for vertebrate pests of large
body size but would be highly impractical for rodent pests
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where animals are difficult to target individually. Thus,
for rodents, which are short-lived and have a short, de-
fined breeding season, oral delivery of permanent or semi-
permanent fertility control agents is essential.

Increasing mortality in a population using lethal con-
trol has an immediate impact on population size and by in-
ference on the damage caused (Shi ef al. 2002). The same
is true for human infection risk when correlated with
rodent vector abundance, for example, the zoonotic Pu-
umala orthohantavirus (Reil et al. 2017) which is trans-
mitted by the bank vole [Clethrionomys glareolus (Schre-
ber, 1780)]. If only fertility control is applied, there is a
delay in response before natural mortality begins to re-
duce population size. This may not be optimal in a com-
mensal rodent situation where swift eradication is the
primary aim, particularly when human health is at risk.
However, in agricultural or pastoral systems where pest
rodent populations increase rapidly during a defined re-
productive season, a delay in mortality of infertile ani-
mals may not be an issue: minimizing the proliferation
of a small founder population could be sufficient to re-
duce crop damage during the crop cycle. Therefore, in
species where population outbreaks are experienced, ex-
treme population peaks and associated crop damage may
be prevented, or at least dampened, if fertility control can
be applied before the onset of the breeding season thereby
reducing the number of litters produced (Shi et al. 2002;
Davis et al. 2003).

Nevertheless, some intrinsic population processes can
partially compensate the effects of fertility control. The
survival of juveniles and infertile adults can be increased
(Sinclair 1997; Chambers 1999; Williams et al. 2007),
the survival of offspring improved (Jacob et al. 2008),
and subordinates can be released from breeding suppres-
sion (Caughley et al. 1992). Conversely, when infertile
individuals still compete for space, food, and social sta-
tus, their presence can reduce the reproductive success of
fertile individuals or other subordinates (Caughley et al.
1992; Zhang 2000). Therefore, it is important that infer-
tile individuals remain in the population as shown for
ricefield rats [Rattus argentiventer (Robinson & Kloss,
1916)] (Jacob et al. 2004a). Breeding activities (gestation
and lactation) are also metabolically demanding—for ex-
ample, pregnant and lactating ricefield rats feed more in-
tensively on rice crops than non-reproducing individuals
(Jacob et al. 2004b). Similarly, female bank vole (Clethri-
onomys glareolus) infected with cowpox virus do not re-
produce and then show higher survival than uninfected
(and reproducing) animals (Telfer ef al. 2002). Thus, if
infertile animals cause less damage than fertile animals,
there would be a benefit in the short term in addition to
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the smaller increases in population size. The latter is a
result of both the foregone reproduction of founders and
their unborn offspring and the ultimate die-off of infertile
animals. Given these combined effects of fertility control
on rodent abundance, feeding activity, and damage, fertil-
ity control should be part of an integrated program and be
used in conjunction with other control methods to achieve
reductions in damage similar to that achieved by using
lethal control alone.

WHICH TARGETS FOR
REPRODUCTIVE CONTROL?

There are many key components within the repro-
ductive system and the hormones of the hypothalamic-
pituitary-gonadal (HPG) axis which regulate reproductive
success in both males and females. Thus, fertility could be
reduced by directly inhibiting the function of the gonads
in terms of successful spermatogenesis and/or ovarian
follicular or oocyte development. Targeting subsequent
events such as fertilization, and/or early pregnancy and
implantation in females, or affecting the hormonal feed-
back associated with the HPG axis could also indirectly
impair the overall functioning of the reproductive system.
A summary of the characteristics, effects, and oral deliv-
ery potential for promising fertility control agents for ro-
dents is presented in Table 1. As mentioned above, for
animals of small body size, the challenge is to find a de-
livery approach that is effective and economic for field
application.

Hormone implants

The use of steroidal (e.g. synthetic progesterone) and
non-steroidal hormone implants (e.g. agonists or antag-
onists against gonadotropin releasing hormone, GnRH)
to disrupt hormonal regulatory feedback has been quite
successful in larger wildlife species, including many zoo
animals (Herbert & Trigg 2005). Such implants are ef-
fective for as long as the agent is being actively re-
leased. However, at a wildlife population level, efficient
delivery is problematic and expensive because individu-
als must be captured for treatment. For numerous small,
short-lived rodents, delivery of such implants would be
impractical.

Immunocontraceptive vaccines

Another approach has been the development of im-
munocontraceptive vaccines in which the body’s immune
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response targets a self-hormone (e.g. GnRH) or another
reproductive antigen (such as follicle or egg coat proteins,
sperm proteins, implantation, or other uterine or oviduct
proteins) (Gupta et al. 2004; Hardy et al. 2006; Kirk-
patrick et al. 2011; Sharma & Hinds 2012). While GnRH
and porcine egg coat (zona pellucida) injectable immuno-
contraceptive vaccines have been shown to be very ef-
fective, their delivery requires individual capture and, in
some cases, booster immunizations (Massei & Cowan
2014). Remote delivery using darts has been successful
(Turner et al. 1992) for some vaccines, and research for
these large species is ongoing (Rutberg et al. 2017; Wim-
penny & Hinds 2018).

Approaches which require individual capture, treat-
ment, and release and which may be feasible for some
large, long living species are neither feasible nor practical
for rodent pests. However, an approach using self-
disseminating species-specific viruses expressing repro-
ductive genes to deliver immunocontraceptive vaccines
(Tyndale-Biscoe 1994) was extensively researched for
European rabbits (Oryctolagus cuniculus), red foxes
[Vulpes vulpes (Linneaeus, 1758)], and house mice (Mus
musculus domesticus Schwarz and Schwarz, 1943) in
Australia. Similarly, in New Zealand, a recombinant vac-
cinia virus has been assessed for delivery of disease
vaccines and immunocontraceptive vaccines to possums,
Trichosurus vulpecula (Duckworth et al. 2007; Cross
et al. 2011). Although both areas of research have ceased
for a range of technical reasons such as attenuation and
reduced transmission of engineered vectors (Tyndale-
Biscoe & Hinds 2007; Redwood et al. 2007), a naturally
disseminating or non-disseminating species-specific re-
combinant virus still has appeal as an approach for deliv-
ering fertility control. Achieving regulatory approval and
public acceptance for such genetically modified agents re-
mains a difficult challenge.

An alternative virus-vectored approach under develop-
ment involves the use of replication-incompetent recom-
binant adeno-associated viruses. These vectors are de-
signed to directly express high affinity antibodies target-
ing reproductive antigens such as GnRH (see review—
Hay et al. 2018). Trials of intramuscular treatment in lab-
oratory mice are positive but practical oral delivery re-
mains problematic.

Orally delivered fertility control agents

Effective delivery of fertility control agents is ex-
tremely important to achieve effects at the population
level. For rodents, agents which can be delivered via baits
that are highly palatable and environmentally stable are

essential, as oral delivery generally requires continuous
or repeated administration to induce and maintain suffi-
cient inhibition of the reproductive system. Reproductive
targets that inhibit the fertility of females are considered
more efficient for population management than those af-
fecting only males because a high proportion of infer-
tile females will result in greater declines in population
growth than if there was a similar proportion of infertile
males (Bomford 1990). However, if an agent affects both
females and males, that could be of considerable added
benefit.

Potential candidates for oral delivery include syn-
thetic hormones, plant compounds, chemicals, and
potentially, immunocontraceptive vaccines. In addition,
bacteriophages expressing reproductive antigens could
be used in bait (see section below) (Hall ef al. 2017,
Samoylova ef al. 2017).

Other newly emerging technologies include gene
drives such as CRISPR-based systems (Prowse et al.
2017). These are being explored for use in eradicating in-
vasive rodents on islands. However, no functional gene
drive system is yet available for mammals and the tech-
nology would require introduction of the genetically mod-
ified rodents expressing the system and for subsequent
rapid inheritance throughout the population (Campbell
et al. 2019; Godwin et al. 2019). The use of gene drives
may also raise conservation concerns if there was unin-
tended movement or dispersal of modified individuals re-
leased for pest control in one country back to the coun-
try of origin of a desired native species (Webber et al.
2015). Similar concerns were raised regarding the pro-
posal to use disseminating viral vectored immunocon-
traception for introduced vertebrate pests in Australia
(Williams 1997).

Synthetic steroids: Levonorgestrel (P) and quinestrol (E)

Early studies using orally active estrogens, progesta-
gens, and androgens demonstrated major disruptive ef-
fects on the uterus, ovulation, and implantation, and on
spermatogenesis in rodents (Howard 1967; Marsh 1988).
In laboratory studies, Gao and Short (1993) showed that
continuous exposure to steroids was required to maintain
the effects but this was difficult to achieve in bait deliv-
ered forms which were unpalatable at the concentrations
required for efficacy. Furthermore, side-effects were also
apparent in most individuals, the effects were not species
specific, and some of the steroids at the concentrations
used posed an environmental hazard.

The anti-fertility effects of a combination of synthetic
estrogen (E) and synthetic progesterone (P) (EP-1) for a
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range of doses (1-10 mg/kg, 10-50 ppm) delivered by
oral gavage or baits have been reported for several rodent
species (Zhang et al. 2004; Zhao et al. 2007; Wang et al.
2011; Liu et al. 2012a,b, 2013; Massawe et al. 2018; Se-
lemani et al. 2021; Stuart et al. 2021; Chen et al. 2021).
Generally, a treatment period of about 7 days in the lab-
oratory is required to induce effects in the reproductive
system, but a single baiting is adequate in field conditions
(3 kg/ha, 0.005% EP-1; Liu et al. 2012a,b). In females,
the most common response to E and EP-1 is enlargement
(edema) of the uterus in a dose-dependent manner. This
leads to reductions in conceptions and/or litter sizes, but
the effects are temporary and fully reversible. In males,
E and EP-1 inhibit the function of the testis, epididymis,
and seminal vesicles for different periods of time depend-
ing on dose (Liu ef al. 2012b,c). EP-1 on cereal baits is
palatable to rodents in laboratory and field trials (Wang
et al. 2011; Liu et al. 2012b; Massawe et al. 2018). In
the field, a single baiting with EP-1 or E in spring signif-
icantly reduced reproduction in plateau pikas [Ochotona
curzoniae (Hodgsen, 1858) (Liu et al. 2012a,b). In some
species, cached bait may be present in burrow systems
until the next breeding season (Liu et al. 2012a,b).

Estrogen is decomposed quickly by microbes in soil,
by ultraviolet radiation, or visible light and acids in wa-
ter (Zhang et al. 2014). The half-life of P and E in soil
is 6—16 and 9-15 days, respectively (Tang ef al. 2012a,b).
EP-1 decomposes quickly under natural conditions, with
a half-life of a few hours in water and 1-2 weeks in soil
(Tang et al. 2012a,b). Few studies have examined im-
pacts of EP-1 on non-target species. In a laboratory-based
study, the production of eggs by domestic chickens was
delayed in a dose-related manner after oral gavage with
a range of concentrations of EP-1 (He ef al. 2021). Bait-
ing with products containing 0.005% E, 0.005% P, and
0.005% EP-1 showed little effect on bird abundance and
diversity in the Qinghai—Tibet Plateau, with the exception
that E reduced the abundance of white-rumped snowfinch
(Montofringilla taczanowskii), likely in response to the
reduced abundance of active plateau pika burrows which
they co-habit (Qu et al. 2015). Further assessments of the
impacts on non-target species of consumption of EP-1 in
the field are still required. Recently, EP-1 was registered
as a fertility control product for use in rodent control in
Tanzania (Registration No. RO/012, Ministry of Agricul-
ture, Tanzania).

Chemosterilants

Chemosterilants have always been of interest, with
one industrial chemical, 4-vinylcyclohexene diepoxide

Rodent fertility control: current status

(VCD), being assessed for its reproductive toxicity. VCD
causes depletion of the finite pool of ovarian primor-
dial follicles in female rodents (Mayer et al. 2002, 2004)
and disrupts spermatogenesis and epididymal function in
male rats (Adedara et al. 2017) through increased oxida-
tive stress and apoptosis. It also induces short-term in-
flammation and cell death in other organs such as the liver
and kidneys (Abolaji e al. 2016; Adedara et al. 2017).
While VCD is not species specific, rodents are more sen-
sitive to its effects compared to other species. However,
to effectively impair reproduction, VCD must be deliv-
ered over a prolonged period (>10 days) and its effects
are dose-dependent (Hinds et al. 2014). Mice seem more
susceptible to its ovotoxic effects, as the degeneration of
follicles is initiated earlier than in rats (Kao ef al. 1999).
Although formulation for oral delivery could be feasi-
ble, the challenge remains to specifically target the chosen
pest species for a sufficient period of time to achieve per-
manent effects at a population level. The combination of a
chemosterilant and a plant extract in a palatable bait could
enhance the effects of both agents (see section below) and
more rapidly lead to infertility.

Plant extracts

Many plant compounds are known for inducing vari-
ous contraceptive effects in humans (Unny et al. 2003;
Qureshi et al. 2006; Pradhan ef al. 2013) whereby short-
term disruption of uterine and/or ovarian function affects
implantation, induces abortion, or suppresses lactation.
Some effects (abortion, suppression of lactation) raise
welfare concerns. However, the recurrent problem is the
rapid reversibility of the effects of the plant extract af-
ter treatment ceases, and poor palatability at the required
doses. Plant extracts are of interest for more permanent
interference of male and female reproductive function,
particularly for rodent pests (Tran & Hinds 2012). How-
ever, to achieve a relatively permanent effect, the selected
compound(s) should induce primordial follicle degenera-
tion and interfere with overall ovarian function (Tran &
Hinds 2012). Extracts can induce negative side effects,
and most require continuous consumption for long peri-
ods to induce and maintain infertility. Usually fertility is
restored within days after withdrawal of treatment (Tran
& Hinds 2012).

An extract obtained from the seeds of pawpaw (Car-
ica papaya L.) induces infertility in both sexes. In lab-
oratory studies of R. norvegicus, oral administration for
18 days disrupts ovulation and the estrous cycle, induces
follicular atresia, reduces ovarian weights and litter size,
and inhibits implantation. It reliably prevents pregnancies
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within one breeding cycle, but the effects are reversible
within 30 days after treatment (see review—Tran & Hinds
2012). In males, the extract reduces sperm count and in-
creases sperm abnormalities. Although no mortalities in
rats have been reported for pawpaw root extracts (up to
2000 mg/kg), serious side effects like lethargy, ataxia, and
edema have been observed (Nwachujor ef al. 2014).

Extracts of the neem tree (Azadirachta indica A.
Juss) also have various effects on the fertility of males
and females. They disrupt spermatogenesis and the es-
trous cycle, inhibit follicle development and implantation,
and induce abortion. However, ovaries are affected only
indirectly as the neem tree extracts influence the synthe-
sis and release of hormones that regulate ovarian folli-
cle development. Furthermore, they have side effects at
higher doses and reduce bait palatability (Tran & Hinds
2012).

Another plant extract is the racemic Gossypol, which
occurs naturally in seeds and roots of cotton plants (Mal-
vaciae) (Qian & Wang 1984). It irreversibly inhibits sper-
matogenesis in dogs (Canis lupus familiaris Linnaeus,
1758) and spermatogenesis, sperm concentration, and
sperm motility in monkeys [Macaca fascicularis (Raffles,
1821); Macaca mulatta (Zimmermann, 1780)]. However,
there are no such effects in European rabbits (Oryctolagus
cuniculus Linnaeus, 1758), house mice, and Norway rats
[Rattus norvegicus (Berkenhout, 1769)] but it prevents
pregnancy in house mice and hamsters [Mesocricetus au-
ratus (Waterhouse, 1839)] and implantation in rats (Qian
& Wang 1984). There are safety concerns about Gossypol
due to its high toxicity leading to damage to kidneys and
associated hypokalemia (Waites et al. 1998).

Plant extracts that induce follicle depletion are of high
interest for the reasons mentioned above. However, most
of them induce atresia of growing follicles at a later stage
and do not affect the primordial follicle population. Nev-
ertheless, they might be useful in combination with other
antifertility agents that deplete primordial follicles and
they could help to find new approaches to inhibit ovar-
ian function in a more rapid and permanent way (Tran &
Hinds 2012).

Many plant extracts have been screened for their effects
on gonadal function, implantation, and/or the subsequent
progress of a pregnancy. Others such as triptolide (TP)
have been shown to have medium-term effects in males,
and shorter-term effects in females. It impairs spermato-
genesis and reduces the diameter of seminiferous tubules
as well as sperm motility and viability (Huynh et al. 2000;
Li et al. 2009; Singla & Challana 2014; Dhar & Singla
2014a; Witmer et al. 2017). Singla and Challana (2014)
found that TP causes severe structural and morphological

changes in sperm, such as head—tail separation, a degen-
erated mitochondria sheath, absent plasma membrane, or
the aggregation of sperm tails. Furthermore, a decrease in
caudal epididymal sperm count (Singla & Challana 2014)
was observed, but there is no evidence that TP affects the
endocrine status of male rats (Huynh ef al. 2000). Xu
and Zhao (2010) focused on the effects of TP on ovar-
ian follicles and observed an increased apoptosis in sec-
ondary follicles and a reduced number of developing fol-
licles (Dhar & Singla 2014b) but no effect on primordial
or antral follicles (Xu & Zhao 2010). TP prolongs the
estrous cycle and affects the morphology of uterus and
ovary in the lesser bandicoot rat [Bandicota bengalensis
(Gray and Hardwicke, 1833)] (Dhar & Singla 2014b).

Effects of combinations of VCD and TP

Assessment of combinations of VCD (1%) and various
doses of TP (25, 50, or 100 ng/kg body weight) resulted
in reduced primordial follicle counts at lower TP doses
and a more rapid effect when the combination was used
compared to results with either of the 2 compounds alone
(Dyer et al. 2013). This leads to the assumption that the
effects of VCD and TP together are complementary and
additive (Dyer et al. 2013). In males, the exposure to a
combination bait leads to reduced sperm count and lower
sperm viability (Witmer et al. 2017). In laboratory rats,
bait containing VCD and TP is less palatable than control
bait (Dyer et al. 2013). However, a 50-day voluntary up-
take of a VCD-TP combination bait by male and female
rats leads to infertility for up to 4 months (Witmer et al.
2017). No pups were born (Witmer et al. 2017), or the lit-
ter size was reduced (Dyer & Mayer 2014) if males and
females were treated with a VCD-TP combination bait.
There is no evidence for an irreversible sterilization after
a 58-day exposure to bait containing VCD and TP (Siers
et al. 2020).

This combination product, ContraPest®, is now regis-
tered for the management of Norway rats in the United
States. The liquid bait is palatable to rats and renders
males and females infertile (Pyzyna et al. 2018). In 2 pilot
studies, where ContraPest® was used in combination with
a rodenticide, consecutive baiting for 100 days was re-
quired to decrease rat populations by 46% and it required
133 days in an urban setting to reduce the rat population
by 67% (Pyzyna et al. 2018). The relative contribution of
ContraPest® and the rodenticide to the apparent decrease
in population size is unknown. The long baiting period is
not practical if swift eradication is the aim. The effective-
ness of ContraPest® when applied at landscape scale has
not been assessed.

8 © 2021 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



Bacteriophages

Bacteriophages can be engineered to be used as an im-
munocontraceptive tool (Samoylova et al. 2017). Specific
peptides are expressed and displayed on the outside of fil-
amentous bacteriophages (Aitken 2006; Samoylova ef al.
2017) that bind to murine granulosa cells and reduce fer-
tility of mice. Oral delivery of these peptides might be
also a possibility, as formulations are available that can
stabilize the peptides in the gastrointestinal tract. Simi-
lar to this method, phage peptides can be used to inhibit
the adhesion of sperm to the zona pellucida by binding
and blocking key sperm proteins (Hall ef al. 2017). This
was initially studied as a contraceptive technique for hu-
mans (Eidne et al. 2000). Later, this approach was ex-
plored in dogs and pigs (Sus scrofa domesticus Erxleben,
1777) (Samoylova et al. 2012). Moreover, this method has
been used to enhance the low immunogenicity of GnRH
(Sabeur et al. 2003; Samoylova et al. 2012). However,
in addition to disrupting sperm-oocyte fusion, peptide-
displaying phages can also increase apoptosis of target
cells by coupling them with redox cycling xenobiotics
(Aitken 2006; Hall et al. 2017).

CHALLENGES FOR THE
FUTURE—RESEARCH GAPS

What proportion of a population needs to be
infertile?

To manage overabundant rodents with high reproduc-
tive rates efficiently, large proportions of females need to
be infertile. Computer simulations suggest that 50-80%
of females of eruptive house mice (Chambers ef al. 1997;
Davis et al. 2003) and >50% of females of non-eruptive
ricefield rats (Jacob et al. 2004b) need to be infertile to
achieve effects at population level (Jacob et al. 2008).
This seems challenging but experience with rodenticidal
bait indicates that even larger proportions can be targeted
(Murphy et al. 1998). Therefore, orally delivered agents
or vaccines should have priority.

However, these computer simulations do not include
compensatory effects. Increased spatial activity of in-
fertile ricefield rats might lead to higher predation risk/
mortality in infertile rats and replacement by fertile rats
(Jacob et al. 2004a). Depending on the mode of fertil-
ity control, infertile rats may lose their territories with
the risk of being replaced by fertile individuals (Jacob
et al. 2004a). Another factor that can influence breeding
performance is social structure (Chambers et al. 1999).

Rodent fertility control: current status

Female rodents often have a hormonally controlled hier-
archy. Subordinate, young fertile females might replace
dominant, sterile females, if they lose their position in
the social hierarchy (Chambers et al. 1999). In addition,
improved survival, increased fecundity of fertile females
(Chambers et al. 1999), and larger litter sizes (Hinds
et al. 2003) might also lead to compensation (Ramsey &
Wilson 2000).

Delivery of anti-fertility agents

On one hand, any anti-fertility agent must be stable in
bait until consumed and have a half-life in the body af-
ter consumption that is long enough to cause the desired
effect. On the other hand, such compounds should not ac-
cumulate in the organism or in the environment.

Oral delivery of most of the agents discussed above and
particularly of immunocontraceptive vaccines remains a
major challenge. Anti-fertility compounds and reproduc-
tive antigens have to be kept stable in bait at various
environmental conditions (temperature, humidity, ultra-
violet exposure) and once consumed must be protected
from degradation before uptake across the gastrointestinal
tract. Reproductive antigens must have the capability to
stimulate uptake via mucosal immune-active sites to gen-
erate sufficient antibody responses to inhibit reproductive
processes (Sharma & Hinds 2012). A recent study shows
some progress with mucosal delivery via the intranasal
route: After several consecutive doses of a multimer of
GnRH formulated with Mycobacterium avium fragments,
rats successfully produce antibodies and those with higher
titers produce fewer litters (Massei et al. 2020). The issue
with this intranasal approach and other potential agents is
being able to ensure delivery of only the appropriate dose
to individuals as well as eliminate nontarget uptake of the
contraceptive.

The delivery of immunocontraceptive effects using a
viral vector has been studied in rodents (e.g. Singleton
et al. 2002; Hinds et al. 2003; Redwood et al. 2007)
and non-rodents (Hardy et al. 2006). As noted above, a
species-specific viral vector when engineered to express a
specific reproductive gene induces infertility in the tar-
get species (Chambers et al. 1999; Hinds et al. 2003;
Hardy et al. 2006; Redwood et al. 2007). The efficacy
in experimentally infected house mice was high (Red-
wood et al. 2007; Tyndale-Biscoe & Hinds 2007) but at-
tenuation of the genetically engineered virus resulted in
insufficient transmission for it to become a successful
self-disseminating fertility control agent (Redwood ef al.
2007). In addition, there are considerable safety concerns
(Williams 2007). The latter makes it unlikely that this
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method, even if it was used as a non-disseminating bait-
delivered product, will receive much attention in the im-
mediate future.

Similar to rodenticidal products, a bait base is required
that is highly attractive in the presence of other food
sources to ensure adequate bait uptake for a sufficiently
long period (which can be in the order of months for VCD
if not replenished). Rodent species, populations, or even
individuals vary in food preference (Hansen ef al. 2016);
therefore, the food habits of the taxon in question must be
considered (Lund 1988).

A variety of bait formulations are available to deliver
rodenticides (Jacob & Buckle 2018), each with several ad-
vantages and disadvantages. Not only anti-fertility agents
but also the bait base needs to be stable at a wide range of
environmental conditions and some of them may be ap-
propriate to deliver an anti-fertility agent. This requires
extensive testing in field situations. Such studies would
also be able to address the best implementation strategy
for each species of interest. The timing of delivery of fer-
tility control treatment(s) may need to be continuous for
continuous breeders (such as commensal species in urban
environments), versus strategically timed before and dur-
ing the breeding season for seasonally breeding species,
including those which may show irregular outbreaks in
agricultural systems (Leirs et al. 1996; Chambers et al.
1997; Shi et al. 2002; Davis et al. 2003; Krebs et al. 2004;
Jacob et al. 2004a; Sullivan & Sullivan 2010; Esther et al.
2014). Robust prediction of rodent outbreaks in space and
time is a valuable tool for decision making and restricting
management action to areas where and when it is nec-
essary can result in considerable economic (Davis et al.
2004) benefit and is advantageous for the environment.

Species specificity of anti-fertility agents and
environmental concerns

Most anti-fertility compounds are not species specific
and may have adverse effects on nontarget organisms (Ja-
cob et al. 2008) that are exposed to bait directly or indi-
rectly through uptake of prey that have consumed anti-
fertility bait. This is a situation similar to primary and
secondary exposure of nontarget taxa to anticoagulant ro-
denticides (ARs) (Brakes & Smith 2005; van den Brink
et al. 2018). Naturally, there are also concerns in the pub-
lic when there is a risk of residues entering the human
food chain (Massei & Cowan 2014).

However, there are important differences to ARs that
should make an anti-fertility approach more environmen-
tally friendly: (1) Anti-fertility agents impair reproduction

only and do not cause mortality (Jacob et al. 2008). (2) In
most cases, anti-fertility effects will be temporary, hence
affected individuals will be able to contribute to popula-
tion growth after the anti-fertility effects cease (Tran &
Hinds 2012). This may not matter for short-lived nontar-
get small mammals. Similarly, effects of consumption by
nontarget species, such as longer-lived birds of prey, owls,
and large terrestrial predators, would likely be temporary
but needs assessment. (3) At least some anti-fertility com-
pounds are rapidly metabolized and do not pose a risk
of secondary exposure. (4) A reduction in reproduction
is unlikely to cause stress and pain (Massei & Cowan
2014)—unlike the symptoms of AR poisoning—which is
an additional benefit with respect to the public’s expecta-
tion for humane wildlife management.

There are no species-specific bait formulations avail-
able (Shore & Coeurdassier 2018). However limited up-
take by most nontarget species can be achieved using tar-
geted presentations (tailored bait boxes, covers, burrow
baiting) and other restrictions already in place for poison
products in several parts of the world (Jacob & Buckle
2018). Placing bait at key times of year and in key habitats
for limited durations (Colvin ef al. 1998; Ramsey & Wil-
son 2000; van den Brink ef al. 2018) as well as restricting
baiting locations to indoors (where appropriate) (Walther
et al. 2020) or to in-crop habitats can exclude many non-
target taxa. The availability of orally deliverable but non-
species-specific anti-fertility compounds is in sight, so
developing species-specific bait delivery boxes (Erickson
et al. 1990; Motomco 2019) is essential to prevent nontar-
get access and undesirable and indirect impacts on other
animals consuming the anti-fertility bait (Eason & Spurr
1995; Elliott et al. 2014; Shore & Coeurdassier 2018).

Suitable baiting regimes need to be tested to deliver
anti-fertility agents safely in urban situations and at land-
scape scales (Massei & Cowan 2014) where large-scale
chronic infestation or rodent outbreaks cause problems.
Baiting regimes should also consider short-term versus
long-term baiting depending on the anti-fertility agent
used. This is an under-researched topic. Field trials at
management scale (e.g. Imakando et al. 2021) should be
conducted to compare baiting strategies (burrow baiting,
bait stations, broadcast) regarding their suitability for de-
livering effective doses to target species and minimizing
uptake by nontargets. Bait markers seem a suitable tool
for such studies (Jacoblinnert ef al. 2021).

Registration of anti-fertility compounds

The registration of fertility control products demands
much information with respect to their mode of action,
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their classification as pesticide, biocide, or veterinary
medicine, and their specificity (Humphrys & Lapidge
2008). Different requirements will apply in different
countries and several different regulatory agencies within
a country may be involved. Rodent anti-fertility agents
will need to meet similar requirements of efficacy and en-
vironmental safety as rodenticides as part of the registra-
tion process. In the European Union (EU), hazard identi-
fication for endocrine-disrupting properties is required as
set out in EU regulations for biocidal products and plant
protection products, respectively (Commission EU 2017,
2018). There are numerous hormone-altering chemicals,
mostly derived from industrial chemicals, which mimic
the effects of estrogens by strongly binding to estrogen
receptors in different tissues. Their adverse impact on en-
vironmental health and reproduction can be considerable
(Adeel et al. 2017).

As noted above the registration of self-disseminating
virus-vectored fertility control agents (Tyndale-Biscoe
1994) would be highly complex partly due to public at-
titudes to genetically modified organisms and partly be-
cause once released it cannot be retrieved. Further, the
virus may move beyond the country/continent of intended
use and affect the same non-pest species (Williams 1997).

CONCLUSIONS

There is growing interest in nonlethal methods for ro-
dent control that could be met by the application of fertil-
ity control agents (Fagerstone et al. 2010). Fertility con-
trol affects only reproduction, induces (reversible) infer-
tility, and should carry fewer risks for nontarget species
than lethal methods. Compared to the use of anticoagu-
lant rodenticides (ARs), fertility control has the potential
to deliver a higher degree of humaneness in vertebrate
management and therefore, gain more acceptance in the
general public.

For seasonally occurring high densities of populations,
integrated management approaches are needed and may
be different for commensal rodent problems in urban en-
vironments compared to rodent outbreaks in agricultural
systems. While some results are promising, there are sev-
eral research gaps.

We need to (1) develop an appropriate delivery system
that is optimal for target and nontarget species and that
can be delivered efficiently and cost effectively at a pop-
ulation level, (2) conduct well-replicated and controlled
field trials at management scales to confirm efficacy for
the target species and potential exposure risk for nontarget
species, and (3) provide data to meet product registration
processes which vary markedly in different countries. Fer-

Rodent fertility control: current status

tility control alone may not be sufficient to manage pop-
ulations and compensatory effects need to be considered,
although in conjunction with conventional lethal and non-
lethal control methods, it could be part of an effective,
long-term solution.

ACKNOWLEDGMENTS

The work was partly funded by the German Fed-
eral Ministry of Food and Agriculture due to a
parliamentary resolution within the federal program
“Organic farming and other forms of sustainable agri-
culture” (grant # 2815NA113) and the External Coop-
eration Program, Chinese Academy of Sciences (grant #
152111KYSB20150023; GJHZ1797).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Abolaji AO, Toloyai PE, Odeleye TD, Akinduro S, Rocha
JBT, Farombi EO (2016). Hepatic and renal toxico-
logical evaluations of an industrial ovotoxic chemical,
4-vinylcyclohexene diepoxide, in both sexes of Wistar

rats. Environmental Toxicology and Pharmacology 45,
28-40.

Adedara IA, Abolaji AO, Ladipo EO, Fatunmibi OJ, Aba-
jingin AO, Farombi EO (2017). 4-Vinylcyclohexene
diepoxide disrupts sperm characteristics, endocrine
balance and redox status in testes and epididymis of
rats Redox Report 22, 388-98.

Adeel M, Song, X, Wang Y, Francis D, Yang, Y (2017).
Environmental impact of estrogens on human, animal

and plant life: A critical review. Environment Interna-
tional 99, 107-19

Aitken RJ (2006). Australian Patent Application Number
2006903307, University of Newcastle. Title: Method
for reducing the reproductive potential of a female an-
imal. Patent Version Number 19.

Andreassen, HP, Sundell J, Ecke F et al. (2020). Popula-
tion cycles and outbreaks of small rodents: ten essential
questions we still need to solve. Oecologia 195, 1-22.

Barlow ND, Kean JM, Briggs CJ (1997). Modelling the
relative efficacy of culling and sterilisation for control-
ling populations. Wildlife Research 24, 129-41.

Bomford M (1990). A role for fertility control in wildlife
management. Bureau of Rural Resources Bulletin 7, 1—
50.

© 2021 International Society of Zoological Sciences, Institute of Zoology/ 11

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



K. Jacoblinnert et al.

Brakes CR, Smith RH (2005). Exposure of non-target
small mammals to rodenticides: short-term effects, re-
covery and implications for secondary poisoning. Jour-
nal of Applied Ecology 42, 118-28.

Campbell K, Saah J, Brown P et al. (2019). A poten-
tial new tool for the toolbox: assessing gene drives for
eradicating invasive rodent populations. In: Veitch CR,
Clout MN, Martin AR, Russell JC, West CJ, eds. Is-
land Invasives: Scaling up to Meet the Shallenge. Oc-
casional Paper SSC no. 62. IUCN, Gland, Switzerland,
pp. 6-14.

Caughley G, Pech R, Grice D (1992). Effect of fertil-
ity control on a population’s productivity. Wildlife Re-
search 19, 623-7.

Chambers LK, Singleton GR, Hood GM (1997). Im-
munocontraception as a potential control method of
wild rodent populations. Belgian Journal of Zoology
127, 145-56.

Chambers LK, Singleton GR, Hinds LA (1999). Fertility
control of wild mouse populations: the effects of hor-
monal competence and an imposed level of sterility.
Wildlife Research 26, 579-91.

Chen X, Hou X, Feng T, Han N, Wang J, Chang G (2021).
Anti-fertility effect of levonorgestrel and/or quinestrol
on striped field mouse (Apodemus agrarius), evidence
from both laboratory and field experiments. Integrative
Zoology. https://doi.org/10.1111/1749-4877.12568

Colvin BA, Swift TB, Fothergill FE (1998). Control of
Norway rats in sewer and utility systems using pulsed
baiting methods. In: Baker RO, Crabb AC, eds. Pro-
ceedings of the 18th Vertebrate Pest Conference, vol.
18. University of California, Davis, pp. 247-53.

Commission E (2017). Commission Delegated Regula-
tion (EU) 2017/2100 of 4 September 2017 setting out
scientific criteria for the determination of endocrine-
disrupting properties pursuant to Regulation (EU) No
528/2012 of the European Parliament and Council. Of-
ficial Journal of the European Union 1L101/101-L101/
105.

Commission E (2018). Commission Regulation (EU)
2018/605. Official Journal of the European Union,
L101/133-L101/136.

Croft S, Aegerter JN, Beatham S, Coats J, Massei G
(2021). A spatially explicit population model to com-
pare management using culling and fertility control
to reduce numbers of grey squirrels. Ecological Mod-
elling 440, 109386.

Croft S, Franzetti, Gill R, Massei G (2020). Too many
wild boar? Modelling fertility control and culling to re-

duce wild boar numbers in isolated populations. PLoS
ONE 15, €0238429.

Cross M, Zheng T, Duckworth JA Cowan PE (2011).
Could recombinant technology facilitate the realisa-
tion of a fertility-control vaccine for possums? New
Zealand Journal of Zoology 38, 91-111.

Davis DE (1961). Principles for population control by
gametocides. Transactions of the North American
Wildlife Conference 26, 160-7.

Davis SA, Pech RP, Singleton GR (2003). Simulation of
fertility control in an eruptive house mouse (Mus do-
mesticus) population in southeastern Australia. In: Sin-
gleton GR, Hinds LA, Krebs CJ, Spratt DM, eds. Rats,
Mice and People: Rodent Biology and Management.
ACIAR, Canberra, pp. 320—4.

Davis SA, Leirs H, Pech R, Zhang ZB, Stenseth NC
(2004). On the economic benefit of predicting rodent
outbreaks in agricultural systems. Crop Protection 23,
305-14.

Dhar P, Singla N (2014a). Histomorphological and bio-
chemical changes induced by triptolide treatment in
male lesser bandicoot rat, Bandicota bengalensis. Pes-
ticide Biochemistry and Physiology 116, 49-55.

Dhar P, Singla N (2014b). Effect of triptolide on re-
production of female lesser bandicoot rat, Bandi-

cota bengalensis. Drug and Chemical Toxicology 37,
448-58.

Duckworth JA, Wilson K, Cui X et al. (2007). Immuno-
genicity and contraceptive potential of three infertility-
relevant zona pellucida 2 epitopes in the marsupial
brushtail possum (7richosurus vulpecula). Reproduc-
tion 133, 177-86.

Dyer CA, Raymond-Whish S, Schmuki S et al. (2013).
Accelerated follicle depletion in vitro and in vivo
in Sprague-Dawley rats using the combination of
4-vinylcyclohexene diepoxide and triptolide. Journal
of Zoo and Wildlife Medicine 44, S9-S17.

Dyer C, Mayer L (2014). Sprague Dawley female rat con-
sumption of a liquid bait containing vinylcyclohexene
diepoxide and triptolide leads to subfertility. In: Timm
RM, O’Brien JM, eds. Proceedings of the 26th Verte-
brate Pest Conference, vol. 26. University of Califor-
nia, Davis, pp. 386-90.

Eason C, Spurr EB (1995). The toxicity and sublethal
effects of brodifacoum in birds and bats. Science for
Conservation 6, 1-15.

Eidne KA, Henery CC, Aitken RJ (2000). Selection of
peptides targeting the human sperm surface using
random peptide phage display identify ligands

12 © 2021 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://doi.org/10.1111/1749-4877.12568

homologous to ZP3. Biology of Reproduction 63,
1396-402.

Elliott J, Hindmarch S, Albert CA, Emery J, Mineau
P, Maisonneuve F (2014). Exposure pathways of an-
ticoagulant rodenticides to nontarget wildlife. En-

vironmental Monitoring and Assessment 186, 895—
906.

Erickson WA, Marsh RE, Halvorson WL (1990). A roof
rat bait station that excludes deer mice. Wildlife Society
Bulletin 18, 319EP-325.

Esther A, Imholt C, Perner J, Schumacher J, Jacob J
(2014). Correlations between weather conditions and
common vole (Microtus arvalis) densities identified by
regression tree analysis. Basic and Applied Ecology 15,
75-84.

Fagerstone KA, Miller LA, Killian G, Yoder CA (2010)
Review of issues concerning the use of reproductive in-
hibitors, with particular emphasis on resolving human-
wildlife conflicts in North America. Integrative Zool-
ogy 5, 15-30.

Gao Y, Short RV (1993). Use of an oestrogen, androgen
or gestagen as a potential chemosterilant for control of
rat and mouse populations. Reproduction 97, 39—-49.

Godwin J, Serr M, Barnhill-Dilling DK et al. (2019). Ro-
dent gene drives for conservation: opportunities and
data needs. Proceedings of the Royal Society B 286,
20191606.

Gupta SK, Srivastava N, Choudhury S ef al. (2004). Up-
date on zona pellucida glycoproteins based contracep-
tive vaccine. Journal of Reproductive Immunology 62,
79-89.

Hall SE, Nixon B, Aitken RJ (2017). Non-surgical sterili-
sation methods may offer a sustainable solution to feral
horse (Equus caballus) overpopulation. Reproduction,
Fertility and Development 29, 1655—66.

Hansen SC, Stolter C, Imholt C, Jacob J (2016). Plant sec-
ondary metabolites as rodent repellents: a systematic
review. Journal of Chemical Ecology 42, 970-83.

Hardy CM, Hinds LA, Kerr PJ et al. (2006) Biological
control of vertebrate pests using virally vectored im-
munocontraception. Journal of Reproductive Immunol-
ogy 71, 102-11.

Hay BA, Li J, Guo M (2018). Vectored gene delivery for
lifetime animal contraception: overview and hurdles to
implementation. Theriogenology 112, 63-74.

He S, Zhou X, Wang Y, Zhang M, Wu K (2021). As-
sessment of non-target toxicity effects of synthetic
estradiol, quinestrol, in chickens. Integrative Zoology
(accepted).

Rodent fertility control: current status

Herbert C, Trigg TE (2005). Applications of GnRH in the
control and management of fertility in female animals.
Animal Reproduction Science 88, 141-53.

Hinds LA, Henry S, Sharma S, Leung L et al
(2014). Effects of oral uptake of the chemosterilant
4-Vinylcyclohexene diepoxide in wild house mice. In:
Timm RM, O’Brien JM, eds. Mus domesticus: Pro-
ceedings of the 26th Vertebrate Pest Conference, vol.
26. University of California, Davis, pp. 380-5.

Hinds LA, Hardy CM, Lawson MA, Singleton GR
(2003). Developments in fertility control for pest an-
imal management. In: Singleton GR, Hinds LA, Krebs
ClJ, Spratt DM, eds. Rats, mice and people: rodent bi-
ology and management. ACIAR, Canberra, pp. 31-6.

Howard WE (1967). Biocontrol and chemosterilants. In:
Pest control: biological, physical, and selected chemi-
cal methods. New York: Academic Press, pp. 343—83.

Humphrys S, Lapidge SJ (2008). Delivering and regis-
tering species-tailored oral antifertility products: A re-
view. Wildlife Research 35, 578-85.

Huynh P, Hikim APS, Wang C ef al. (2000). Long-term
effects of triptolide on spermatogenesis, epididymal
sperm function, and fertility in male rats. Journal of
Andrology 21, 689-99.

Imakando C, Fernandez-Grandon M, Singleton GR, Bel-
main SR (2021). Impact of fertility vs. mortality con-
trol on the demographics of Mastomys natalensis in
maize fields. Integrative Zoology. https://doi.org/10.
1111/1749-4877.12580

Imholt C, Reil D, Eccard JA, Jacob D, Hempelmann N,
Jacob J (2015). Quantifying the past and future impact
of climate on outbreak patterns of bank voles (Myodes
glareolus). Pest Management Science 71, 166—72.

Jacob J, Buckle A (2018). Use of anticoagulant ro-
denticides in different applications around the world.
In: van den Brink NW, Elliott JE, Shore RF, Rat-
tner BA, eds. Anticoagulant Rodenticides and Wildlife.
Springer, Cham, pp. 11-43.

Jacob J, Herawati NA, Davis SA, Singleton GR (2004a).
The impact of sterilised females on enclosed popula-
tions of ricefield rats. Journal of Wildlife Management
68, 1130-7.

Jacob J, Matulessy J, Sudarmaji (2004b). The effects of
imposed sterility on spatial activity of female ricefield
rats. Journal of Wildlife Management 68, 1138-44.

Jacob J, Singleton GR, Hinds LA (2008). Fertility control
of rodent pests. Wildlife Research 35, 487-93.

Jacob J, Tkadlec E (2010). Rodent outbreaks in Europe:
dynamics and damage. In: Singleton GR, Belmain S,

© 2021 International Society of Zoological Sciences, Institute of Zoology/ 13

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://doi.org/10.1111/1749-4877.12580
https://doi.org/10.1111/1749-4877.12580

K. Jacoblinnert et al.

Brown PR, Hardy B, eds. Rodent Outbreaks—Ecology
and Impacts. International Rice Research Institute, Los
Bafios, Philippines, pp. 207-23.

Jacoblinnert K, Imholt C, Schenke D, Jens J (2021).
Ethyl-iophenoxic acid as a quantitative bait marker for

small mammals. Integrative Zoology. https://doi.org/
10.1111/1749-4877.12547

Kao SW, Sipes IG, Hoyer PB (1999). Early effects of
ovotoxicity induced by 4-vinylcyclohexene diepoxide
in rats and mice. Reproductive Toxicology 13, 67-75.

Knipling EF (1959). Sterile-male method of population
control: successful with some insects, the method may
also be effective when applied to other noxious ani-
mals. Science 130, 902—4.

Knipling EF (1972). Potential role of sterilization for sup-
pressing rat populations: a theoretical appraisal. US
Department of Agriculture, pp. 1455.

Kirkpatrick JF, Lyda RO, Frank KM (2011). Contracep-
tive vaccines for wildlife: a review. American Journal
of Reproductive Immunology 66, 40-50.

Krebs CJ, Kenney AJ, Singleton GR ef al. (2004). Can
outbreaks of house mice in southeastern Australia be
predicted by weather models? Wildlife Research 31,
465-74.

Leirs H, Verhagen R, Verheyen W, Mwanjabe P, Mbise T
(1996). Forecasting rodent outbreaks in Africa: an eco-
logical basis for Mastomys control in Tanzania. Journal
of Applied Ecology 33, 937-43.

Li J, Zheng M, Guo Y et al. (2009). The sterility effect
of tripterygium glucosides (Tripterygium wilfordii) on
male Brandt’s voles. Acta Theriologica Sinica 29, 69—
74. (In Chinese, with English abstract, tables and fig-
ures.)

Liu Q, Qin J, Chen Q, Wang D, Shi D (2013). Fertility
control of Rattus nitidus using quinestrol: effects on re-
productive organs and social behavior. Integrative Zo-
ology 8, 9-17.

Liu M, Qu J, Wang Z, Wang Y, Zhang Y, Zhang Z
(2012a). Behavioral mechanisms of male sterilization
on plateau pika in the Qinghai-Tibet Plateau. Behav-
ioral Processes 89, 278-85.

Liu M, Qu J, Yang M et al. (2012b). Effects of quinestrol
and levonorgestrel on populations of plateau pikas,
Ochotona curzoniae, in the Qinghai—Tibetan Plateau.
Pest Management Science 68, 592—601.

Liu M, Wan X, Yin Y ef al. (2012c). Subfertile effects of
quinestrol and levonorgestrel in male rats. Reproduc-
tion, Fertility and Development 24, 297-308.

Lund M (1988). Selection of baits and their distribu-
tion. In: Prakash I, ed. Rodent Pest Management. CRC
Press, Boca Raton, Florida, pp. 261-8.

Marsh RE (1988). Chemosterilants for rodent control. In:
Prakash I, ed. Rodent Pest Management. CRC Press,
Boca Raton, Florida, pp. 353-67.

Massawe AW, Makundi RH, Zhang Z et al. (2018). Ef-
fect of synthetic hormones on reproduction in Masto-
mys natalensis. Journal of Pest Science 91, 157—68.

Massei G, Cowan D (2014). Fertility control to mitigate
human-wildlife conflicts: a review. Wildlife Research
41, 1-21.

Massei G, Cowan D, Eckery D et al. (2020). Effect of vac-
cination with a novel GnRH-based immunocontracep-
tive on immune responses and fertility in rats. Heliyon
6, 03781.

Mayer LP, Pearsall NA, Christian PJ ef al. (2002). Long-
term effects of ovarian follicular depletion in rats by 4-

vinylcyclohexene diepoxide. Reproductive Toxicology
16, 775-81.

Mayer LP, Devine PJ, Dyer CA, Hoyer PB (2004). The
follicle-deplete mouse ovary produces androgen. Biol-
ogy of Reproduction 71, 130-8.

Motomco (2019). Motomco vertical. Available at:
https://www.motomco.com/motomco/product/us/pest-
control/tomcat-vertical-bait-station

Murphy EC, Clapperton BK, Bradfield PMF, Speed
HJ (1998). Brodifacoum residues in target and non-
target animals following large-scale poison opera-
tions in New Zealand podocarp-hardwood forests. New
Zealand Journal of Zoology 25, 307-14.

Nghiem LTP, Soliman T, Yeo DCIJ et al. (2013). Eco-
nomic and environmental impacts of harmful non-
indigenous species in Southeast Asia. PLoS ONE 8,
e71255.

Nwachujor CO, Ode JO, Ekwere MR, Udegbunam RI
(2014). Anti-fertility effects of fractions from Car-
ica papaya (Pawpaw) Linn. methanol root extract in
male Wistar rats. Arabian Journal of Chemistry 12,
1563-8.

Oogjes G (1997). Ethical aspects and dilemmas of fertil-
ity control of unwanted wildlife: an animal welfarist’s
perspective. Reproduction, Fertility and Development
9, 163-8.

Pradhan DK, Mishra MR, Mishra A et al. (2013). A com-
prehensive review of plants used as contraceptives. /n-

ternational Journal of Pharmaceutical Sciences and
Research 4, 148.

14 © 2021 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://doi.org/10.1111/1749-4877.12547
https://doi.org/10.1111/1749-4877.12547
https://www.motomco.com/motomco/product/us/pest-control/tomcat-vertical-bait-station
https://www.motomco.com/motomco/product/us/pest-control/tomcat-vertical-bait-station

Pepin KM, Davis AJ, Cunningham FL, VerCauteren KC,
Eckery DC (2017). Potential effects of incorporating
fertility control into typical culling regimes in wild pig
populations. PLoS ONE 12, e0183441.

Prowse TAA, Cassey P, Ross JV, Pfitzner C, Wittmann
TA, Thomas P (2017). Dodging silver bullets: good
CRISPR gene-drive design is critical for eradicating
exotic vertebrates. Proceedings of the Royal Society B:
Biological Sciences 284, 20170799.

Pyzyna BR, Trulove NF, Mansfield CH et al. (2018).
ContraPest®, a new tool for rodent control. In: Woods
DM, ed. Proceedings of the 28th Vertebrate Pest Con-
ference, vol. 28. University of California, Davis, pp.
284-6.

Qian S, Wang Z (1984). Gossypol: a potential antifertility
agent for males. Annual Review of Pharmacology and
Toxicology 24, 329-60.

QuJ, Liu M, Yang M, Zhang Z, Zhang Y (2015). Effects
of fertility control in plateau pikas (Ochotona curzo-
niae) on abundance and diversity of native birds on Ti-
betan Plateau. Acta Theriologica Sinica 35, 165-9.

Qureshi AA, Sanghai DV, Padgilwar SS (2006). Herbal
options for contraception: a review. Pharmacognosy
Magazine 2, 204-15.

Ramsey DSL, Wilson JC (2000). Towards ecologically
based baiting strategies for rodents in agricultural sys-
tems. International Biodeterioration and Biodegrada-
tion 45, 183-97.

Redwood AJ, Smith LM, Lloyd ML, Hinds LA, Hardy
CM, Shellam GR (2007). Prospects for virally vectored
immunocontraception in the control of wild house
mice (Mus domesticus). Wildlife Research 34, 530-9.

Reil D, Rosenfeld UM, Imholt C et al. (2017). Puumala
hantavirus infections in bank vole populations: host
and virus dynamics in Central Europe. BMC Ecology
17, 9.

Rutberg A, Grams K, Turner JW, Hopkins H (2017).
Contraceptive efficacy of priming and boosting doses
of controlled-release PZP in wild horses. Wildlife Re-
search 44, 174-81.

Sabeur K, Ball BA, Nett TM, Ball HH, Liu IKM (2003).
Effect of GnRH conjugated to pokeweed antiviral pro-
tein on reproductive function in adult male dogs. Re-
production 125, 801-6.

Samoylova TI, Braden TD, Spencer JA, Bartol FF (2017).
Immunocontraception: filamentous bacteriophage as a

platform for vaccine development. Current Medicinal
Chemistry 24, 3907-20.

Rodent fertility control: current status

Samoylova TI, Cochran AM, Samoylov AM et al.
(2012). Phage display allows identification of zona
pellucida-binding peptides with species-specific prop-
erties: novel approach for development of contracep-
tive vaccines for wildlife. Journal of Biotechnology
162, 311-8.

Selemani M, Makundi R, Massawe AW, Mhamphi G,
Mulungu LS, Belmain SR (2021). Impact of contra-
ceptive hormones on the reproductive potential of male
and female commensal black rats (Rattus rattus). In-
tegrative Zoology. https://doi.org/10.1111/1749-4877.
12563

Sharma S, Hinds LA (2012). Formulation and delivery of
vaccines: ongoing challenges for animal management.

Journal of Pharmacy and Bioallied Sciences 4, 258—
66.

Shi D, Wan X, Davis SA, Pech RP, Zhang Z (2002). Sim-
ulation of lethal control and fertility control in a de-
mographic model for Brandt’s vole Microtus brandtii.
Journal of Applied Ecology 39, 337—48.

Shore RF, Coeurdassier M (2018). Primary exposure and
effects in non-target animals. In: van den Brink NW,
Elliott JE, Shore RF, Rattner BA, eds. Anticoagulant
rodenticides and wildlife. Springer International, New
York, pp. 135-57.

Siers SR, Sugihara RT, Leinbach IL, Pyzyna BR, Witmer
GW (2020). Laboratory evaluation of the effective-
ness of the fertility control bait ContraPest® on wild-
captured black rats (Rattus rattus). In: Woods DM, ed.
Proceedings of the 29th Vertebrate Pest Conference.
University of California, Davis, Paper 50, 7 pp.

Sinclair ARE (1997). Fertility control of mammal pests
and the conservation of endangered marsupials. Repro-
duction, Fertility and Development 9, 1-16.

Singla N, Challana S (2014). Reproductive toxicity of
triptolide in male house rat, Rattus rattus. Scientific
World Journal 2014, 879405. https://doi.org/10.1155/
2014/879405. Epub 2014.

Singleton GR, Belmain S, Brown PR, Aplin K, Htwe NM
(2010a). Impacts of rodent outbreaks on food security
in Asia. Wildlife Research 37, 355-9.

Singleton GR, Htwe NM, Hinds LA, Soe W (2010b). Re-
sponse options to rodent outbreaks following extreme
weather events: cyclone Nargis, a case study. In: Sin-
gleton GR, Belmain S, Brown P, Hardy B, eds. Ro-
dent Outbreaks: Ecology and Impacts. International
Rice Research Institute, Los Banos (Philippines),
pp. 171-89.

© 2021 International Society of Zoological Sciences, Institute of Zoology/ 15

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://doi.org/10.1111/1749-4877.12563
https://doi.org/10.1111/1749-4877.12563
https://doi.org/10.1155/2014/879405
https://doi.org/10.1155/2014/879405

K. Jacoblinnert et al.

Singleton GR, Brown PR, Jacob J, Aplin K, Sudarmaji
(2007). Unwanted and unintended effects of culling—
a case for ecologically-based rodent management. /n-
tegrative Zoology 2, 247-59.

Singleton GR, Farroway LN, Chambers LK, Lawson MA,
Smith AL, Hinds LA (2002). Ecological basis for fer-
tility control in the house mouse (Mus domesticus) us-
ing immunocontraceptive vaccines. Reproduction Sup-
plement 60, 31-9.

Singleton GR, Lorica RP, Htwe NM, Stuart AM (2021).
Rodent management and cereal production in Asia:
balancing food security and conservation. Pest Man-
agement Science. https://doi.org/10.1002/ps.6462.

Singleton GR, Sudarmaji, Jacob J, Krebs CJ (2005). In-
tegrated management to reduce rodent damage to low-

land rice crops in Indonesia. Agriculture Ecosystems &
Environment 107, 75-82.

Stuart AM, Herawati, Risnelli N ef al. (2021). Reproduc-
tive responses of rice field rats (Rattus argentiventer)
following treatment with the contraceptive hormones,
quinestrol and levonorgestrol. Integrative Zoology (ac-
cepted).

Sudarmaji, Singleton G, Brown PR, Jacob J, Herawati N
(2010). Rodent impacts in lowland irrigated intensive
rice systems in West Java, Indonesia. In: Singleton GR,
Belmain S, Brown P, Hardy B, eds. Rodent outbreaks:
ecology and impacts. IRRI, Los Banos, Philippines,
pp. 115-34.

Sullivan TP, Sullivan DS (2010). Forecasting vole popu-
lation outbreaks in forest plantations: the rise and fall
of a major mammalian pest. Forest Ecology and Man-
agement 260, 983-93.

Swanepoel LH, Swanepoel CM, Brown PR et al. (2017).
A systematic review of rodent pest research in Afro-
Malagasy small-holder farming systems: are we asking
the right questions? PLoS ONE 12, e0174554.

Tang T, Qian K, Shi T et al. (2012a). Photodegradation
of quinestrol in waters and the transformation products
by UV irradiation. Chemosphere 89, 1419-25.

Tang T, Shi T, Li D, Xia J, Hu Q, Cao Y (2012b).
Adsorption properties and degradation dynamics of
endocrine-disrupting chemical levonorgestrel in soils.
Journal of Agriculture and Food Chemistry 60, 3999—
4004.

Telfer S, Bennett M, Bown K et al. (2002). The effect of
cowpox virus on survival in natural rodent populations:
increases and decreases. Journal of Animal Ecology 71,
558-68.

Tran TT, Hinds LA (2012). Fertility control of rodent
pests: a review of the inhibitory effects of plant ex-
tracts on ovarian function. Pest Management Science
69, 342-54.

Turner JW Jr, Liu IKM, Kirkpatrick JF (1992) Remotely
delivered immunocontraception in captive white-tailed
deer. The Journal of Wildlife Management 56, 154-7.

Tyndale-Biscoe CH (1994). Virus-vectored immunocon-
traception of feral mammals. Reproduction, Fertility
and Development 6, 281-7.

Tyndale-Biscoe CH, Hinds LA (2007). Introduction —
virally vectored immunocontraception in Australia.
Wildlife Research 34, 507—-10.

Unny R, Chauhan AK, Joshi YC, Dobhal MP, Gupta RS
(2003). A review on potentiality of medicinal plants
as the source of new contraceptive principles. Phy-
tomedicine 10, 233-60.

van den Brink NW, Elliott JE, Shore RF, Rattner BA
(2018). Anticoagulant rodenticides and wildlife: con-
cluding remarks. In: van den Brink NW, Elliott JE,
Shore RF, Rattner BA, eds. Anticoagulant Rodenti-
cides and Wildlife. Springer, Cham, pp. 379-86.

Wang D, Li N, Liu M, Huang B, Liu Q, Liu X (2011). Be-
havioral evaluation of quinestrol as a sterilant in male
Brandt’s voles. Physiology and Behavior 104, 1024—
30.

Waites GMH, Wang C, Griffin P (1998). Gossypol: rea-
sons for its failure to be accepted as a safe, reversible
male antifertility drug. International Journal of An-
drology 21, 8—12.

Walther B, Geduhn A, Schenke D, Schlételburg A, Jacob
J (2020). Baiting location affects anticoagulant roden-
ticide exposure of non-target small mammals on farms.
Pest Management Science 77, 611-9.

Webber BL, Raghu S, Edwards OR (2015). Opinion: is
CRISPR-based gene drive a biocontrol silver bullet or
global conservation threat? PNAS 112, 10565-7.

Witmer GW, Raymond-Wish S, Moulton RS et al. (2017).
Compromised fertility in free feeding of wild-caught
Norway rats (Rattus norvegicus) with a liquid bait con-
taining 4-vinylcyclohexene diepoxide and triptolide.
Journal of Zoo and Wildlife Medicine 48, 80-90.

Williams CK (1997). Development and use of viral-
vectored immunocontraception. Wildlife Research 9,
169-78.

Williams CK, Davey CC, Moore RJ et al. (2007). Popula-
tion responses to sterility imposed on female European
rabbits. Journal of Applied Ecology 44, 291-301.

16 © 2021 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://doi.org/10.1002/ps.6462

Wimpenny C, Hinds LA (2018). Fertility control of East-
ern Grey Kangaroos in the ACT: Assessing efficacy of
dart-delivered immunocontraceptive vaccine. Environ-
ment and Sustainable Development Directorate, Can-
berra, pp. 39.

Xu CK, Zhao YH (2010). Apoptosis of rat ovarian follicle
cells induced by triptolide in vivo. African Journal of
Pharmacy and Pharmacology 4, 422-30.

Zhang Q, Wang C, Liu WP, Qu JP et al. (2014). Degra-
dation of the potential rodent contraceptive quinestrol
and elimination of its estrogenic activity in soil and wa-
ter. Environmental Science and Pollution Research 21,
652-9.

Zhang Z (2001). Relationship between El Nifio/South Os-
cillation (ENSO) and population outbreaks of some

Cite this article as:

Rodent fertility control: current status

lemmings and voles in Europe. Chinese Science Bul-
letin 46, 1067-73.

Zhang Z (2000). Mathematical models of wildlife man-
agement by contraception. Ecological Modelling 132,
105-13.

Zhang ZB, Liao LF, Wang SQ er al. (2004). Ef-
fect of a contraceptive compound (EP-1) on fer-
tility of female Brandt’s voles, gray hamsters, and
mid-day gerbils. Acta Zoologica Sinica 50, 341-
7. (In Chinese with English abstract, tables and
figures.)

Zhao M, Liu M, Li D et al. (2007). Anti-fertility
effect of levonorgestrel and quinestrol in Brandt’s
voles (Lasiopodomys brandtii). Integrative Zoology 2,
260-8.

Jacoblinnert K, Jacob J, Zhang Z, Hinds LA (2021). The status of fertility control for rodents—recent achievementsJ

[ and future directions. Integrative Zoology 00, 1-17.

© 2021 International Society of Zoological Sciences, Institute of Zoology/ 17

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



